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Abstract
The mid-infrared (MIR) spectrum of extremely lightly oxygen doped crystals of
La2CuO4 is studied in the energy range 0.05eV to 1.5eV using optical transmission
measurements. Apart from undoped crystals, the crystals studied in this thesis are more
lightly doped than any others previously studied. The doping level is approximately
0.0002(holes/Cu ion), giving a hole separation in the copper oxygen plane of
approximately one micron. Therefore, the extra charge carriers generated by this doping
are sufficiently separated from each other to be treated as independent particles.
The samples in this thesis have been grown by two methods, the floating-zone
method and the top-seeded method. The desired oxygen doping has been achieved by
annealing in a mixture of carbon monoxide and carbon dioxide gas. In order to allow
infrared photons to be transmitted through the sample, the crystals have been polished to
a thickness of approximately 100 microns.
It is found that the samples grown by the two methods mentioned above have
different low temperature spectra and that these spectra have different temperature
dependences. However, at room temperature, the spectra of crystals grown by the two
methods are nearly identical, representing the spectrum of free holes in this material. This
room temperature spectrum also closely resembles that of the free holes generated by
photoinduced absorption and by heavier oxygen doping.
It is proposed that the temperature dependence of the spectra of the top-seeded
and floating-zone crystals can both be explained by a model of the impurity states where
there are shallow acceptor impurities, probably due to the excess oxygen, and deep
impurities, probably due to other contaminants present in the crystals.
Thesis Supervisor: Marc A. Kastner
Title: Donner Professor of Science
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Chapter 1
Introduction
Superconductivity, the absence of electrical resistance below a critical
temperature T,, was first observed by Kamerlingh Onnes in mercury in 1911. In the
following years, many elements and simple compounds were found to superconduct, with
the highest To, 23.2K, belonging to Nb3Ge. The superconductivity in these "conventional"
compounds was theoretically very well understood; the mechanism for this type of
superconductivity was explained in 1957 by Bardeen, Cooper and Schrieffer (BCS). In
BCS theory', superconductivity occurs when the electrons pair by means of a phonon-
mediated attraction. The pairing is s-wave, i.e. the wave function for a pair is isotropic in
momentum and position space.
In 1986, the field of superconductivity was revolutionized by the discovery of
superconductivity at 35K in La2-BaxCuO 4 by Bednorz and Muller2. In the ten years since,
superconductivity has been found at steadily higher temperatures in related compounds.
The compound with the highest T, now known is HgBa 2Ca2Cu3O 8,, with a T, of 164K 3.
Not only have these compounds broken the T, ceiling of the conventional
superconductors, earning them the name High T, Superconductors, but they are also not
well described by the BCS theory of superconductivity. This has spurred a renewed
interest in the field of superconductivity, but now, ten years after its discovery, there is
still no widely accepted theory for the mechanism of the new type of superconductivity.
In order to understand the high T, superconductors, a logical strategy is to begin
by studying the structurally simplest of these compounds, La2.xBaCuO 4. This compound
is a doped version of an even simpler compound, La 2CuO4, which is not even metallic,
but rather is a two-dimensional (2D) antiferromagnetic insulator. How the addition of
charge carriers converts the latter into a high To superconductor is one of the outstanding
problems in modem physics. Although there is no consensus on the exact mechanism by
which this takes place, it is generally agreed that the interaction of charge carriers, added
by doping, with the antiferromagnetic background plays a significant role4,5,6. These same
interactions are also postulated to give rise to the mid-infrared band (MIR band)1,12, first
seen in optical studies soon after high To superconductors were discovered7' 26 '31,33. In this
thesis, the mid-infrared optical properties of La2CuO 4 are studied in the very lightly
doped limit. Although many doping studies have been carried out, very few have dealt
with samples in which the carriers are so dilute that interaction between them may be
neglected. Our work therefore provides the first measurement of the spectrum of a single
charge carrier in the 2D antiferromagnet.
1.1 Properties of La2 CuO,
1.1.1 Crystal Structure
A tetragonal unit cell of La2CuO4 is shown in Figure 1.1. The most important
component of this structure is the CuO2 plane, a feature shared by all the high T,
superconductors. Three of these planes appear in Figure 1.1. The structure of La2CuO4
can be thought of as alternating layers of CuO2 and La2O2. Other high To superconductors
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Figure 1.1- The tetragonal unit cell of La2CuO4. This cell contains two formula units.
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have double or triple sets of CuO2 planes close together with other material in between.
Notice that each copper ion is surrounded by an octahedron of oxygen ions. Below 530K,
the structure is actually slightly orthorhombic, which results from a slight tilt (~ 10) of the
oxygen octahedra about an axis connecting second nearest neighbor Cu ions in the CuO2
plane'. Since this is a small distortion, the tetragonal unit cell will be used for our
discussion. The a axis lies in the CuO2 plane in the direction connecting nearest neighbor
copper ions. The c axis is perpendicular to the CuO2 planes. The dimensions of the
tetragonal unit cell are: a=3.8A and c=13.2A9.
1.1.2 Electronic Structure in the insulating state
Each copper ion in La2CuO4 contains one unpaired hole. This can be seen by
considering the valence state of each of the other ions comprising La2CuO 4. Lanthanum
ions always have charge +3 and oxygen ions always have charge -2, so the copper ions
must have charge +2. A copper atom has the electronic structure [Ar]3d'04s'. Creating an
ion with charge +2 from this atom leaves a copper ion with the electronic structure
[Ar]3d 9, which has nine electrons, or one hole, in the d orbitals.
In simple band theory, a compound with an odd number of holes per band, like
La2CuO4, is predicted to be metallic. However, La2CuO 4 is an insulator, which requires a
substantial amount of doping before it becomes metallic. This indicates that electron
correlation, which is not accounted for in simple band theories, is crucial to the behavior
of this compound.
Therefore, to accurately describe the electronic properties of La2CuO4, a model
which includes electron-electron correlation must be used. One such model is the
Hubbard model"°. The general hamiltonian for this model is
H = -Jt 2 (coci , + H.c.) + Ujnn,. , (1.1)
(i,j)a' i
where t is the matrix element for an electron to hop from one site to another, U is the
repulsion energy when a site is doubly occupied, cif, and cijt are operators which destroy
and create, respectively, a state on site i with spin ar, ni,t is ci, ci, ~a and the first sum is over
nearest neighbors. For a material with a half filled band, i.e. one electron per site, in the
limit t>>U, there is little on-site repulsion and the model reproduces the behavior of a
metal. When U>>t, however, double occupancy of a site is forbidden, and the model
describes an antiferromagnetic insulator. In this limit, the Hubbard model may be
approximated by the t-J model where J-4t2/U. The hamiltonian for this model is
H, - i,aCj,c + Sj), (1.2)
where S, is the spin on site i and double occupancy of a site is explicitly forbidden. The
t-J model is frequently used in calculations of the electronic properties of La2CuO 41 •2.
La2CuO4 has both charged and neutral electronic excitations. The charged
excitations involve the transfer of a hole from one site to another, while the neutral
excitations leave the hole on its original site. The charged excitations are sketched in
Figure 1.2. The lowest energy charged excitation involves the transfer of a hole from a
copper ion to an oxygen ion, changing an initial Cu3d 9, 02p6 state to a Cu3d'0 , O2p' state.
This is called the charge-transfer excitation, and it has a minimum energy of
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Figure 1.2- Energy scale for charge transfer excitations in La2CuO 4. Since the Hubbard U is much larger
than A, the charge transfer excitation involves the transfer of a hole from a copper ion to an oxygen ion.
approximately 2eV 13. Another possible charged excitation is the transfer of a hole from
one occupied copper site to another. However, the Coulomb repulsion energy between
two holes on the same site is much larger (-10eV) than the energy to transfer a hole from
a copper to an oxygen.
The neutral excitations result in the transfer of a hole between two different
orbitals on a single copper ion. The copper ions each have one hole in a d orbital. Since
there are five d orbitals, there are four excitations of the hole between its ground state and
one of the four higher energy orbitals. In free space, all five d orbitals have the same
energy. In La2CuO 4, however, each copper ion is surrounded by an elongated octahedron
of oxygen ions. These ions create an electric field at the copper ion site and this electric
field breaks the degeneracy of the d orbitals. For a hole, the lowest energy d orbital is the
dx2_y2 orbital, since this orbital allows the hole to be closest to the negatively charged in-
plane oxygen ions. Figure 1.3 shows the shape of the d orbitals and how the energy of the
d orbitals splits under the influence of a crystal field.
1.1.3 Doping
In order to study the effect of the introduction of charge carriers into the CuO2
planes and the transition from antiferromagnetic insulator to superconductor, La2CuO4
must be doped either substitutionally or interstitially. In addition, there are several
different methods for growing crystals of La2CuO4, including the top-seeded method and
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Figure 1.3- Polar plots of the d orbitals and their energy splitting in a tetragonal electric field. The lowest
energy state for a hole is the d,l-y2 orbital.
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the floating-zone method. These crystal growth techniques are discussed in greater detail
in the next chapter.
To substitutionally dope La2CuO 4, an ion with a different charge than lanthanum
is substituted for some of the lanthanum during growth. Typically, strontium, which
forms an ion with charge +2, is substituted for lanthanum, which forms an ion with
charge +3. This results in one extra positive charge (or hole) for each strontium
substituted. The strontium ions occupy the same sites as the lanthanum they replace.
Interstitial doping involves adding extra oxygen ions into a crystal of La2CuO4. As
grown, single crystals already contain a small amount of excess oxygen. The excess
oxygen is expected to be in the form of oxygen ions having a charge of -2, so each is
expected to contribute two holes to the system, but there is some variability in the number
of holes created, which may depend on the other impurities present in the crystal. To
adjust the oxygen content, the crystal can be annealed in an oxidizing or reducing
atmosphere'8"14, or it can be intercalated or deintercalated in an electrochemical cell' 5• ',20
However they are introduced into the crystal, these extra oxygen ions occupy interstitial
positions outside of the CuO2 plane' 6' 7 '8.
The major difference between substitutional dopants and interstitial dopants is
that interstitial dopants have a much greater ability to move around within the crystal than
the substitutional dopants. For both types of doping, however, the extra positive charge
carriers are believed to reside in the CuO2planes'.
1.1.4 Phase diagram
Figures 1.4 and 1.5 are sketches of the phase diagrams for La2-.SrxCuO 4 and
La2CuO4+,,, respectively. These phase diagrams show the evolution of the properties of
these materials with doping by substitution and into interstitial positions, respectively. In
compounds doped by either method, there is a region of low doping (x or 2y less than
about 0,02) where the compound is an antiferromagnetic insulator. The crystals studied
here are all doped at levels corresponding to approximately y=0.0002, so they fall in this
region. In the strontium doped compound, there is a low temperature spin glass phase"
for x in the range 0.02 to 0.05 and a superconducting phase for x in the range 0.05 to
0.25, with a maximum T, of approximately 40K. For x greater than 0.25, La2.xSrxCuO 4 is
a normal metal at all temperatures.
The oxygen doped compound differs from the strontium doped compound for
dopant concentrations higher than that needed to destroy the antiferromagnetism. There is
still a superconducting phase, but it is interspersed with doping regions which are not
allowed. At doping levels above the first forbidden region, new superlattice peaks are
seen in neutron scattering measurements, representing periodicities of n copper oxygen
layers, where n is referred to as the staging number 2 '21.
1.1.5 Magnetism and N6el Temperature
T[KI
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Figure 1.4- Phase diagram for La2-.Sr,,CuO 4. Adapted from J.P. Falck's Ph.D. thesis.
La2CuO4+5 Phase Diagram
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Figure 1.5- Phase diagram for La2CuO4+. Adapted from reference 18.
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Figure 1.6 shows the arrangement of copper and oxygen ions into square planes in
La2CuO 4. Each copper ion in the plane contains one unpaired hole with a spin of /2. These
spins are represented as arrows in the Figure. For hole doping levels less than about two
percent extra holes per copper ion, these spins develop long range antiferromagnetic
order. The temperature below which they achieve long range order is called the N6el
temperature, TN. In undoped La2CuO4, TN is 325K. As excess oxygen is added into the
compound, TN rapidly decreases.
The antiferromagnetic coupling in this compound arises from a superexchange
interaction between nearest-neighbor copper ions mediated by the intervening oxygen
ions. This results in an in-plane coupling constant, J, of approximately 130meV, which
corresponds to a temperature of about 1500K. One must also consider the coupling of a
copper ion in a given plane to the copper ions in the neighboring planes. Each copper ion
has four nearest neighbors in the adjacent planes, as can be seen from Figure 1.1. In the
ordered phase, two of these neighbors will have spins parallel and two will have spins
antiparallel to the spin of the original copper ion. Because of this, the inter-plane
interaction is frustrated, leaving La2CuO 4 with an almost perfectly 2D spin system. In a
two dimensional Heisenberg system, there can be no true long range order except at OK.
Therefore, it is the small deviation from two dimensionality in this compound which
allows for the ordering of the spins at a nonzero temperature. Small anisotropies in the
spin Hamiltonian also play a role22. J is much larger than kTN because the three
dimensional long range order in La2CuO 4 results from the inter-plane coupling, with a J1
of approximately 1.6iteV23.
SCu 0o
Figure 1.6- The copper oxygen planes of La2CuO4. The arrows represent the spin 2 holes on each copper
ion which order antiferromagnetically below TN. Also shown is the copper d2-y2 orbital and the oxygen p,
orbital which participate in the superexchange interaction.
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The N6el temperature of La2CuO4 can be easily identified from a measurement of
its magnetic moment as a function of temperature. In La2CuO 4, a small ferromagnetic
moment arises from the slight orthorhombic distortion of the copper oxygen planes
described earlier in this chapter. Because of the Dzyaloshinski-Moriya interaction the
copper ion spins rotate about the same axis as the octahedra and are therefore canted
slightly out of the copper oxygen plane. In the absence of a magnetic field, spins in
adjacent layers cant in opposite directions, giving no net ferromagnetic moment.
However, with the application of a strong enough magnetic field, all of the ferromagnetic
moments point in the same direction. This hidden ferromagnetism also gives rise to a
peak in the zero-field susceptibility at TN24. Figure 1.7 shows an example of such a Neel
peak for a single crystal of La2CuO 4.
As can be seen from the phase diagram in Figure 1.5, the addition of oxygen to
La2CuO 4 quickly causes TN to decrease. By comparing the N6el temperature of a crystal
to its charge carrier density, as determined from a measurement of the Hall coefficient, it
is found that these quantities are proportional to each other. This is illustrated in Figure
1.8, and is discussed further in the next chapter. Chen, et al.25 found the room temperature
Hall coefficient to be a good measure of the hole density, and we will use Figure 1.8 to
estimate hole density from TN measurements.
1.2 Optical properties of La2CuO 4,y
Tn=313K
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Figure 1.7- Magnetic moment as a function of temperature for a single crystal of La2CuO44. The N6el
temperature occurs at the peak of this curve. The narrow shape indicates that the sample has a
homogeneous oxygen content.
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Figure 1.8- Hole concentration as a function of Ndel temperature. The solid line is a straight line fit to the
experimental data with a slope of -20(K/10' 9 cm-3) and an intercept of 325K. Adapted from reference 25.
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By studying the interaction of a crystal with infrared and visible light, much can
be revealed about the lattice, magnetic and electronic excitations of the material. The
reflection of light off of or the transmission of light through a crystal will be affected by
electric dipole and, to a lesser extent, magnetic dipole and electric quadrupole allowed
excitations. Raman scattering, a two photon process, will, in general, be affected by
excitations that are forbidden in the one photon processes of transmission or reflection.
Lattice excitations, or phonons, have energies in the infrared, usually in the range 0.0 1 eV
to 0.1eV. Electronic excitations are usually seen in the mid-infrared and visible energy
ranges, 0.1eV to 3eV. In most systems, magnetic excitations are in the far infrared.
However, because of the large value of J, magnetic excitations in the copper oxides
appear in the mid-infrared.
1.2.1 Reflection and transmission studies of doped and undoped La 2CuO4
Both reflection and transmission measurements have been made on undoped
La2CuO 4, and reflection measurements have been made on La2CuO 4+, and La2.xSrxCuO4.
Figure 1.9 shows the absorption coefficient derived from a measurement of the infrared
transmission of undoped La2CuO 4 by Perkins, et al.26,27. In the energy region 0.4eV to
1.2eV, there is a sharp peak followed by several broader side bands. The sharp peak has
been identified as a phonon assisted two-magnon absorption28' 29. The origin of the broad
side bands is not as firmly established, but they are postulated to be multimagnon and
La2CuO4 T = 10K
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Figure 1.9- Absorption coefficient of La2CuO4 derived from a transmission measurement by Perkins, et
al.24 Data taken in all three polarizations is shown, confirming that the mid-infrared excitations occur in the
copper oxygen planes.
phonon side bands associated with an exciton localized on the copper ions. This exciton
involves the transfer of a hole between the dx2.y2 and d3z2.2 copper orbitals.
Figure 1.10 shows energy dependent conductivities derived from reflectivity
measurements on both La2CuO4,y and La2.xSrxCuO 430 '31' 32,33. The conductivities for the
undoped samples show the charge transfer excitation at approximately 2eV, but the
limited sensitivity of the reflectivity measurements does not allow detection of the
weaker absorption seen between 0.4eV and 1.2eV in the transmission spectrum.
In the samples with a few percent excess holes per Cu ion (x=0.02 for the
strontium doped sample and TN=240K for the oxygen doped sample), there is a broad
peak centered at approximately 0.5eV. This band has roughly the same position and
width as the absorption seen for the broad band spectrum of the undoped material (Figure
1.9), but it is stronger by a factor of about 200 and it lacks the sharp peak and structure
seen in the transmission spectrum. Because of this, it has been suggested26 that both
excitations may have the same origin. In addition, there is a temperature dependent
absorption band at 0.13eV in the TN=240K sample of La2CuO 4+, that is attributed to the
photoionization of polaronic impurites24 (see Figure 1.11).
Figure 1.9 and the top panel of Figure 1.11 show optical data taken with the
electric field of the probe beam polarized both parallel to the copper oxygen planes (a
polarization) and perpendicular to the copper oxygen planes (n polarization). The features
in the mid-infrared only appear when the electric field is polarized parallel to the copper
oxygen planes, showing that these excitations involve charge carriers located in these
planes.
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Figure 1.10- The top panel shows a(0) for La2CuO 4+, derived from a reflectivity measurement by Falck, et
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Figure 1.11- Reflectivity measurements of La2CuO4.y with TN=325K and TN=240K by Falck, et al.28
Measurements with the electric field polarized parallel and perpendicular to the copper oxygen planes
confirm that the excitations are confined to these planes.
I
1.3 Motivation for this thesis
In the previous section, optical spectra of undoped and doped crystals of La2CuO 4
have been discussed. Apart from the undoped crystals, the most lightly doped crystals
studied have been as-grown single crystals containing approximately 0.004 doped holes
per copper ion, a level of doping high enough to reduce the N6el temperature to 240K.
This corresponds to an extra hole for approximately every 250 copper ions. This level of
doping leads to a mid-infrared conductivity approximately 200 times stronger than that
seen in the undoped material. Therefore, one would like to measure spectra at
intermediate levels of oxygen doping in order to study the evolution of the optical
spectrum from that of the undoped material to that of the as-grown material.
Previously, the optical properties of doped single crystals of La2CuO4 have only
been studied though reflection. In this thesis, optical properties are explored through the
measurement of transmission. This has two major advantages. First, transmission is
directly related to physically meaningful quantities such as absorption coefficient and
conductivity, while reflectivity data must be analyzed with a Kramers-Kronig
transformation before physically meaningful quantities can be extracted. To be exact this
transformation requires data over all energies, so approximations must always be made.
This introduces error, especially at the low and high energy limits of the data. Second, it
is very difficult to detect small absorption features with a reflection measurement. This
can be seen by comparing the optical spectra of undoped La2CuO4 derived from
transmission and reflection measurements (Figures 1.9 and 1.11). Therefore, by studying
the transmission of single crystals of La2CuO4 which are more lightly doped than any
crystal measured previously, new insights into the electronic structure of this material can
be gained.
In this thesis, samples in this extremely light doping regime are explored. Their
doping level is approximately 0.0002 excess holes per copper ion, or one excess hole for
every 5000 copper ions. The copper ions are spaced by 3.8A in the copper oxygen planes,
so the holes will be approximately 2gtm apart. This spacing is on the order of the
wavelength of the infrared light used to probe their behavior. Therefore, the extra charge
carriers generated by this doping will be sufficiently separated from each other to be
treated as independent particles. These holes are localized by the antiferromagnetic order;
in order to move through the lattice, the spin V2 holes must disrupt this order. Because of
this, a separation of the spin and charge degrees of freedom might lower the holes energy.
In most of the current theoretical work (e.g. see references 11 and 12), numerical
calculations of the electronic properties of La2CuO 4 are made by considering a single hole
introduced into a finite portion of an antiferromagnetic lattice. Because the charge carriers
studied here are so widely spaced, they more closely correspond to the regime studied in
those theoretical calculations than any previously studied system. By probing this regime,
the behavior of a single charge carrier in an antiferromagnet can be studied, giving new
insight into the interactions and excitations that give rise to high Tc superconductivity.
1.4 Structure of this thesis
In Chapter 2, the preparation of the crystals studied in this thesis is discussed in
detail. The crystals grown by the traveling-solvent floating-zone method have been grown
by Dr. Fangcheng Chou, a research scientist in the Crystal Growth Laboratory of the
Center for Materials Science and Engineering at MIT and the crystals grown by the top-
seeded method were grown by other students and staff members working in the Crystal
Growth Laboratory. The remaining sample preparation procedures, including assembling
the annealing and polishing equipment, have been performed as part of this thesis.
In Chapter 3, the details of the experimental procedures are discussed. The
experiments presented here are undertaken on an existing optical set-up which has been
modified and optimized slightly for use in this thesis.
In Chapter 4, the data collected on the samples and with the experimental
configurations described in Chapter 2 and Chapter 3 are presented. In Chapter 5, the
absorption coefficient spectra displayed in Chapter 4 are analyzed and in Chapter 6 a
summary of the thesis and suggestions for future work are discussed.
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Chapter 2
Sample Preparation
Sample preparation, from crystal growth and doping to orientation and surface
preparation, is crucial to the quality of the experimental results presented in the following
chapters. Precise control of the oxygen content of the single crystals of La2CuO4 is a
particular challenge and requires a dedicated annealing and gas handling system.
2.1 Crystal Growth
All of the single crystals measured in this study have been grown in the MIT
Crystal Physics Laboratory. Single crystals of La2CuO 4 can not be grown by simply
melting a stoichiometric powder because phase separation occurs; this problem is referred
to as incongruent melting. In addition, the melting point is too high. Because of this,
another compound, or flux, must be added to the mixture to lower its melting point to a
temperature where crystal growth is possible. In the case of La2CuO 4, the best flux has
been found to be CuO because it does not leave impurities in the resulting crystals. Two
different growth methods are employed to grow the crystals studied here: the top-seeded
solution growth method' and the traveling-solvent floating-zone method2. Both methods
use a ceramic powder of La2CuO4 mixed with CuO flux as their starting materials.
In the top-seeded solution growth method, the powder is placed in a platinum
crucible and heated to its melting point. Then, growth is initiated by an oriented seed
crystal. The seed crystal is lowered to the surface of the melt and then is slowly pulled out
as the melt is cooled. Crystals grown by this method tend to be disc shaped, with the c
axis perpendicular to the large face. These discs tend to be a few millimeters in thickness.
Because the growth occurs in a platinum crucible, a small amount of platinum is absorbed
into the crystal during growth.
In the traveling-solvent floating-zone method, the ceramic powder is pressed into
two rods, a feed rod and a solvent rod. The feed rod, which has the composition of the
crystal to be grown, is sometimes topped by an oriented seed crystal. The solvent rod
contains excess CuO, the flux. These two rods are brought together and strong infrared
lamps are focused on them, creating a molten zone that is slowly moved down the feed
rod, leaving a crystal in its wake. Crystals grown by the floating-zone method are
typically cylinders about 5mm in diameter and can be several centimeters long. Since this
method uses no crucible, crystals grown this way are expected to have fewer impurities
than those grown by the top-seeded technique.
As grown La2CuO4 is not stoichiometric, but contains excess oxygen. This is
evidenced by a N6el temperature of approximately 250K, much lower than the Neel
temperature of 325K seen in stoichiometric La2CuO4. In order to obtain samples with
higher Neel temperatures, i.e. lower doping levels, the crystals must be reduced. In this
study, the reduction was accomplished through high temperature annealing in a low
oxygen partial pressure environment.
2.2 Annealing process
In order to reproducibly anneal crystals of La2CuO4 to a specific oxygen content,
the oxygen partial pressure in the annealing system must be controlled very precisely. In
addition, to achieve the low levels of doping required for this study (approximately
0.0001 additional oxygen atoms per copper atom) this oxygen partial pressure must be
adjustable in the range 1 012l- 10.20 atmospheres. To illustrate the difficulty of attaining
these partial pressures, consider the base pressure of an annealing system pumped to a
vacuum of 109 atmospheres (the typical base pressure attainable with a turbo pump).
Assuming that the furnace is initially filled with air that is 20% oxygen, after several
hours of pumping there will be a residual partial pressure of oxygen of 2x 1010
atmospheres in the furnace. This pressure is greater, by orders of magnitude, than the
pressure needed for successful annealing. Therefore, a method must be employed which
allows stable oxygen partial pressures below those which can be obtained by ordinary
pumping. In this study, the oxygen partial pressure is controlled by taking advantage of
the equilibrium state in a mixture of carbon dioxide and carbon monoxide gas.
2.2.1 CO/CO2 equilibrium
In a gaseous mixture of carbon monoxide and carbon dioxide, some of the carbon
dioxide will dissociate into oxygen and carbon monoxide according to the following
formula:
2CO + 0 2 ++ 2CO2. (2.1)
For a small forward movement of this reaction, the change in free energy will be:
AG(T,P,N) = An2co - 2 co -o (2.2)(2.2)An = LAncon = - Anc = -Ano.
At equilibrium, the change in free energy will be zero. Assuming that the constituent
gases act as ideal gases, their chemical potentials take the form:
A, = kT(n p, - lnkTnQ), (2.3)
where p, is the partial pressure of gas i and n% is the quantum concentration
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(MkT / 2zh'2)2 . Using this definition of the chemical potential, the equilibrium condition
becomes:
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Figure 2.1- Dependence of the partial pressure of oxygen on temperature and the ratio Pco/Pco, in the
equilibrium state of the reaction 2CO + 02 <-) CO2.
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where Keq(T) is a temperature dependent equilibrium constant. From the above equation it
is clear that the partial pressure of oxygen at equilibrium depends only on the ratio of the
partial pressure of carbon monoxide to carbon dioxide and not on the total pressure of the
system. As a consequence, as long as there is a sufficient amount of carbon monoxide and
carbon dioxide to allow the reaction to proceed freely in either direction, the equilibrium
partial pressure of oxygen will be determined by the above equation, regardless of the
residual oxygen pressure initially in the annealing furnace. Figure 2.1 shows the
dependence of the partial pressure of oxygen on temperature and the ratio of the partial
pressure of carbon monoxide to carbon dioxide using the values of Kcq(T) tabulated in
Chemical Engineering Thermodynamics by R.E. Balzhiter3 .
2.2.2 Annealing system details
A block diagram of the annealing system built to prepare the samples for this
study is shown in Figure 2.2. The tanks of carbon monoxide and carbon dioxide are
connected to mass flow meters which control the partial pressure ratio of these gases in
the furnace. The mass flow meter connected to the carbon dioxide has a range of 0-
1000sccm and the meter connected to the carbon monoxide has a range of 0-10sccm. An
seem is a standard cubic centimeter per minute, where a standard cubic centimeter is a
cubic centimeter of ideal gas at standard temperature and pressure. These flow ranges
allow an adjustment of the ratio of the carbon monoxide partial pressure to the carbon
dioxide partial pressure from 0.1 to 0.001. The mixture of gas then flows through the tube
furnace pulled by a mechanical pump which exhausts to a fume hood. The total pressure
in the furnace when the ratio of the partial pressures of carbon monoxide to carbon
dioxide is 0.003 is about a torr (760 torr is equivalent to one atmosphere) and when the
ratio is 0.1, the total pressure is about 0.2 torr.
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Figure 2.2- Block diagram of the annealing system.
The tube furnace can reach temperatures up to 10000C. An Omega process
controller controls the temperature profile of the anneal. Typical annealing temperatures
are between 500°C and 1000°C and typical annealing times are between one half an hour
and eight hours.
2.2.3 Annealing histories of the samples
Table 2.1 displays the annealing history of the samples used in this study. Each
sample was annealed several times. The general temperature profile of an annealing cycle
is sketched in Figure 2.3. Before being placed in the annealing furnace, the samples are
ultrasonically cleaned in acetone and isopropyl alcohol. The samples are then placed in an
alumina boat which is positioned in the center of the tube furnace. Before the start of each
anneal, the furnace is evacuated with a turbo pump to a base pressure of approximately 10
millitorr. The prescribed carbon monoxide and carbon dioxide flows are begun at the
same time as the temperature control is activated, and the flows are closed off when the
furnace temperature falls below 3000 C. After the flows are closed off, the furnace is
evacuated with the turbo pump and, when the temperature of the furnace reaches room
temperature, the furnace is back-filled with carbon dioxide and the sample is removed.
Table 2.1-Annealing history
Duration (hrs)
0.5
0.5
2
2
2
2
4
4
4
4
Anneal Parameters T. (K)
313
320
321
321
304
T (OC)
725
725
725
725
675
675
675
675
700
700
PcdOPco2
0.1
0.1
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
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313
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anneal temperature
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Figure 2.3- Temperature profile of a typical anneal. Anneal temperatures and lengths are listed in table 2.1.
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After each annealing cycle, the magnetic moment of the sample is measured in a
Quantum Design SQUID magnetometer in a 1 Tesla magnetic field to determine the Ndel
temperature, which correlates with the hole density of the sample as discussed in the next
section. Figure 2.4 displays magnetic moment as a function of temperature ,M(T), for
sample 224. Each curve represents the result of an annealing cycle, showing the increase
in Neel temperature from 225K, as grown, to 321K. Figure 2.5 shows the final M(T) for
each sample studied, illustrating the consistency of the above described annealing
method.
2.2.4 Determination of doping levels
As discussed in the previous section, the results of the oxygen doping of the
samples studied here have been defined by their final Neel temperature. The next step is
to relate these Neel temperatures to the actual concentrations of oxygen ions and holes in
the samples. In a simple view, the hole concentration can be determined directly from the
concentration of excess oxygen. If it is assumed that the excess oxygen forms 0 -2 ions,
then charge neutrality would indicate that each additional oxygen ion contributes two
excess holes. However, if the oxygen enters the crystal in a different oxidation state or if
there are other impurities present in the crystal that can trap holes or provide additional
holes, this simple formula will not work. Therefore, it is useful to determine the excess
oxygen and hole concentrations independently. As described in chapter one, the Neel
temperature and the hole density can be linearly related through Hall coefficient
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Figure 2.4- Magnetic moment as a function of temperature for sample 224 after each annealing step
described in table 2.1. The Ndel temperature, TN, occurs at the position of the peak in each curve.
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measurements. Determining the excess oxygen content which these hole doping levels
correspond to is more of a problem. Two methods that have been used to determine
oxygen content are thermogravimetric analysis (TGA) and iodometric titration4 . Both of
these methods are destructive, limiting their usefulness. We next discuss the Hall
coefficient measurement and then the methods for measuring oxygen content.
The Hall coefficient yields a measure of the charge carrier density and the sign of
the charge carrier in a crystal. To describe the measurement of the Hall coefficient,
consider a rectangular sample. A current, J, is applied in the x direction and a magnetic
field, H, is applied perpendicular to the current, in the z direction. The charge carriers,
traveling with a drift velocity, v, in the x direction, will experience a force in the y
direction of V x H due to the magnetic field. This force can be countered by the
application of an electric field En = - H x V. Rewriting the drift velocity in terms of the
current, the expression for the electric field becomes EH = H x J, where e is the
charge of an electron and n is the density of carriers. The Hall coefficient is defined as
RH= /(Hx = H 5. Experimentally, the Hall coefficient is measured by applying a
known current and magnetic field and measuring En.
In La2CuO4, this simple formula is complicated by the temperature dependence of
charge carrier concentration. However, at high temperatures (above approximately 100K),
n is dominated by the thermal ionization of charge carriers into the valence band, and by
300K the shallow acceptors are fully ionized so that RH(300K) gives a good measure of
the hole doping level. In reference 6, the Hall coefficient and N6el temperature of a
crystal of La2CuO 4+y is measured for several different values of y. These data (plotted in
Figure 1.8) show a linear relationship between TN and the hole concentration measured
from RH with a slope of (-20±3)K/10'9 cm3- and zero hole doping at a TN of 325K.
Turning to the description of methods to determine oxygen content, first TGA is
discussed. To perform TGA, the sample is heated and its weight loss is recorded. Since
the goal of this analysis is to measure the amount of excess oxygen, a temperature range
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must be chosen in which oxygen, but nothing else, is evolved. For example, in reference
7 a sample of La2CuO 4+y was heated in the presence of hydrogen and the resulting weight
loss was used to calculate the amount of excess oxygen according to the following
reaction:
La2 CuO4+, + H 2 -+ La 2 03 + Cu + H20(g). (2.5)
There are several assumptions that must be made to convert the measured weight loss into
a concentration of excess oxygen. First, there is an assumption of which compounds are
evolving out of the sample during TGA. For example, if it is assumed that all weight loss
is due to the evolution of oxygen from the sample, but there is also a surface contaminant,
such as water, that evaporates from the sample during heating, an artificially high amount
of excess oxygen will be calculated. Another parameter that affects the accuracy of this
measurement is the temperature range over which weight loss is measured. Ideally,
measurement should range up to the temperature where all excess oxygen has been
removed, but not so high that oxygen vacancies are created.
Iodometric titration does not measure the amount of excess oxygen directly.
Instead, it allows a measurement of the number of Cu÷3 ions in the compound by
dissolving La2CuO 4+y with iodine ions. In reference 8 a prescription for applying
iodometric titration to La2CuO 4+y is given. Formally, a hole in the CuO2 plane is
equivalent to a Cu÷3 ion. To simplify the procedure, the Cu+2 ions are prevented from
reducing further by the addition of citrate to the titration mixture. The Cu'3 ions then
combine with the iodine ions to form the salt CuI. Since the iodine ions have a charge of -
1, each Cu'3 ion will leave two positive charges in solution when it forms the salt. After
all of the Cu'3 has been precipitated from solution as Cul, the solution is neutralized by
the addition of (S203) 2. Therefore, the number of moles of (S203)-2 added per gram of
sample, E, is equal to the number of moles of Cu'3 present in each gram of sample.
Assuming that the oxygen forms 0.2 ions, then y = (- EMc o )/(2 + EMo ), where MLc
is the molecular weight of La2CuO 4 and Mo is the molecular weight of oxygen. However,
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if the oxygen forms a neutral molecule or a peroxide ion, (02)2, this equation will not
give an accurate value for y.9 In reference 4, the values of y determined by iodometric
titration are half those found from TGA, leading them to postulate that the oxygen atoms
form peroxide ions.
As discussed above, each of these two methods requires assumptions that
compromise the accuracy of their calculations of the oxygen content of La2CuO 4+y. In
light of this, in this thesis the doping level of the samples will be determined by their
N6el temperatures and corresponding Hall coefficients as measured in reference 6.
2.3 Other preparation procedures
2.3.1 Orientation
In order to measure the three polarizations possible for a uniaxial crystal such as
La2CuO4, samples of two different orientations are needed. To measure the ac'
polarization, where both the electric and magnetic fields are parallel to the copper-oxygen
plane, the large face of the sample must be parallel to the planes. To measure the a or it
polarizations, where only the electric or magnetic field, respectively, is parallel to the
copper-oxygen plane, the large face of the crystal must be perpendicular to the planes. To
determine a crystal's orientation, a Laue backscattering x-ray photograph is taken. The
pattern of dots in the photograph corresponds to x-ray reflections from sets of crystal
planes and can be used to determine the orientation of the sample relative to the plane of
incidence of the x-rays. The sample, which is mounted on a two-axis goniometer, is then
positioned such that the desired orientation is parallel to the plane of incidence of the x-
'Since both this polarization and the absorption coefficient are referred to by the letter a, the polarization
will be denoted by a'.
rays. This goniometer can be screwed directly into a polishing fixture so that a polished
surface of the desired orientation is obtained.
2.3.2 Polishing
In order to create the 100 micron thick single crystals needed for this study, the
oriented and annealed crystals (originally about one millimeter in thickness) must be
gently thinned, to about one tenth of their original thickness. Slow polishing of single
crystals has been found to be a reliable method for accomplishing this.
A South Bay Omnilap 2000 polishing and lapping machine along with a gravity
fed polishing fixture with a micrometer thickness control is used to polish all the samples
studied. Three different sizes of aluminum oxide grit are used in succession to minimize
the surface damage to the crystal. For quick removal of the bulk of the excess thickness,
an aluminum oxide abrasive film disc with 30 micron grit is used. Then, the sample is
polished with a 9 micron grit disc to remove the surface pitting caused by the 30 micron
grit. Finally, the sample is polished with a 0.3 micron grit on a polishing cloth. After this
final polish, no scratches are visible under 7x magnification and both surfaces appear
mirror-like. All polishing is done with water as a lubricant.
2.3.3 Bromine etching and sample mounting
After the polishing is complete, the sample is thoroughly cleaned in acetone and
isopropyl alcohol to remove any grit left on the crystal. The final size of the sample is
typically a couple of square millimeters and, because of its thinness, it is quite fragile. To
give structural support to the sample and to aperture it, the sample is mounted on a small
piece of copper with a hole drilled in it. The sample is placed over the hole and attached
in one corner with PMMA, a common photoresist that dissolves in acetone.
As shown by Falck, et al.'0 , etching La 2CuO 4 in a solution of 1% bromine in
methanol for up to twenty minutes improves the quality of optical data. This etch
removes a few microns of material from the sample surface, which should eliminate any
polishing damage to the surface. In this study, all samples were etched in a solution of
1% bromine in isopropyl alcohol for twenty minutes after being mounted. Isopropyl
alcohol was used in place of methanol because isopropyl alcohol does not degrade
PMMA as severely.
' P.J. Picone, H.P. Jenssen and D.R. Grabbe, Journal of Crystal Growth 91, 463-7 (1988).
2 I. Tanaka and H. Kojima, Nature 337, 21-2 (1989).
3 R.E. Balzhiter, Chemical Engineering Thermodynamics, (Prentice Hall, Englewood Cliffs, NJ, 1972),
p670.
4 P.G. Radaelli, et al., Physical Review B48, 499-510 (1993).
s J.M. Ziman, Theory ofSolids, Cambridge University Press (1972).
6 C.Y. Chen, et al., Physical Review B43, 392-401 (1991).
7F.C. Chou, et al., Physica C197, 303-14 (1992).
S E.H. Appelman, Inorganic Chemistry 26, 3237-9 (1987).
9 J.E. Schirber, et al., Physica C152, 121-3 (1988).
0o J.P. Falck, A. Levy, M.A. Kastner and R.J. Birgeneau, Physical Review Letters 69, 1109-12 (1992).

Chapter 3
Experimental Procedures
3.1 Derivation of absorption coefficient
The absorption coefficient spectra presented in this thesis are derived from
measurements of the infrared transmission of the 100 micron thick single crystals of
La2CuO4 whose preparation are described in the previous chapter. To demonstrate how
infrared transmission can be simply related to the absorption coefficient of a poorly
conducting (non-metallic) material such as the crystals studied here, consider the
propagation of an electromagnetic wave inside a conducting material:
E(x,t) = Eoe'(( -a). (3.1)
From Maxwell's equations it is seen that k 2 = 1 + i T, where ~ is the real part of
the dielectric function and ar is the real part of the conductivity. Since k is complex, let
k=1+ia. In the limit, a(co)c / wo( << 1, or aA << 1 where X is the wavelength, the
electric field can be expressed as E(x,t) = Eoe e'( -'), where a = 2rto, l/c~ , and
/ = -F '. This equation shows that the electric field decays exponentially with distance
traveled into the material and that the intensity of the field will be reduced by l/e when it
has traveled a distance 1/a. The approximation is valid if an electromagnetic wave can
penetrate many wavelengths into the material. This is often referred to as the poor
conductor limit, in contrast to the good conductor limit, a(o)c / co~J >> 1, where
electromagnetic waves only penetrate to a skin depth of V/27t. It is important to keep in
mind that this definition of a good or bad conductor is dependent on the wavelength of
light being considered. For example, a metal such as copper which is an excellent
conductor of 60Hz electromagnetic waves is not a very good conductor of ultraviolet
electromagnetic waves. To evaluate the validity of the poor conductor limit in the infrared
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for the samples studied here, we use the values: a=500cm~ , co/c=4000cmn', and E,=5'.
This results in a(o)c / coE- = 0.06 << 1, confirming the validity of this approximation.
In an infrared transmission measurement, three things can happen to the light
incident on a crystal: it can be reflected, absorbed within the crystal or transmitted
through. Therefore, a simple expression for the transmitted intensity of light can be
written:
IT = Io(1- R)e - a , (3.2)
where I1 is the incident intensity, R is the fraction of light reflected and equation (3.1) is
used to express the fraction of light transmitted with d, the thickness of the sample,
substituted for x. From equation 3.2, the absorption coefficient can be extracted:
In) ln(1 - R)a(co) - + (3.3)d d
In very lightly doped La2CuO4, the reflectivity is small, about 15%, and independent of
energy2. Therefore, the second term in equation 3.3 results in a small offset in the data
and is ignored. The absorption coefficient can also be expressed in terms of the real part
of the conductivity, a,, or the imaginary part of the dielectric function, E2, as follows:
4,o-,(m) oe2 ()
a(co) = 4 - c2(w) (3.4)
In this study, the data is presented in terms of the absorption coefficient because it is most
directly related to the transmission, the quantity that is actually measured. Frequently,
optical data is presented in terms of either the conductivity or the imaginary part of the
dielectric function. As seen from equation 3.4, these three quantities are simply related to
each other in the case of weak absorption. The motivation for studying any of these
quantities is that they are related to the density of states of a crystal, i.e. a peak in the
absorption coefficient energy spectrum corresponds to some process that can occur in the
crystal at that energy. In the energy range accessible to this study, there are lattice
(phonons), magnetic (magnons) and electronic (excitons) excitations to be probed.
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3.2 Optical transmission measurement setup
The experimental configuration used to collect the data in this study allows the
direct measurement of the energy resolved transmission in the energy range 0.1eV to
3eV. The measurement of a transmission spectrum over this energy range involves ten
individual scans, each with an optimized combination of light source, diffraction grating,
filter and detector. The combinations used in this study are outlined in Figure 3.1. The
lower energy cutoff of this set-up is dictated by the transmission of the cryostat windows
and the upper energy cutoff, which in practice is less than 3eV, is dictated by the opacity
of the samples. Figures 3.2 and 3.3 show the layout of the optical table for transmission
measurements in the ranges 0.1eV to 0.38eV and 0.33eV to 3eV, respectively.
3.2.1 Lower energy configuration (0.1eV to 0.38eV)
In this configuration, shown in Figure 3.2, the light source is a glow bar
consisting of a ceramic filament wrapped with platinum wire. This filament is heated by
applying 8A at 3V to the platinum wire, which causes the ceramic element to radiate in
the near infrared. The resulting spectrum resembles that of a black body at 1450K. The
ceramic filament is housed in a parabolic reflector which focuses the light to a circle
about four centimeters in diameter on the input slit of the monochrometer.
A light chopper is placed between the glow bar and the monochrometer. This
chopper enables the use of a lock-in technique for measurement, allowing the separation
of the part of the signal due to the light from the monochrometer and the part of the signal
due to stray light produced elsewhere or the dark current of the detector. In practical
terms, the use of the chopper allows the measurements to be conducted with the room
lights on and in the presence of objects at room temperature or above, which also radiate
in the infrared. When measuring with the glow bar it is particularly important that the
chopper is located as close as possible to the input slit of the monochrometer to minimize
the amount of stray light that becomes part of the chopped signal. The chopper used in
(Lamp, Grating, Filter, Detector)
Lamps
GB: Ceramic Glow Bar
W: Tungsten Filament
Gratings
1: 1 micron blaze
2: 2 micron blaze
4: 4 micron blaze
8: 8 micron blaze
Detectors
Photovoltaic
InAs, Si
Photoconductive
HgCdTe
(GB, 8, RL75, HCT)
7600 12600
(GB, 8, RL45, HOT)
4800 8000
(GB, 4, RL30, HCT)
3300 5300
(GB, 2, RL20, HCT)
2200 1 3700
(W, 2, RL20, InAs)
2200 -1 3100
(W, 2, RL15, InAs)
1700 2500
(W, 2, Si, InAs)
1200 1900
(W, 1, 0.85, InAs)
900 1400
(W, 1, 0.54, Si)
600 • 1050
(W, 1, none, Si)
4001 700
1000
Filters
Oriel Colored Glass Long Pass
0.54 microns, 0.85 microns
Pure Material
Si
Corion Band Pass
RL15, RL20, RL30
RL45, RL75
10000
Wavelength (nm)
Figure 3.1- Combination of optical components used in transmission measurements.
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Figure 3.2- Optics layout for measuring in the energy range 0.10eV to 0.38eV (3300nm-12600nm).
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this study is a rotating wheel with four sections operated at a frequency of 300Hz. This
frequency is easily tracked by the lock-in amplifier and is significantly higher than the
frequency of points measured (1Hz).
After being chopped at 300Hz, the light enters a McPherson 0.3 meter scanning
diffraction grating monochrometer. The input and output slits are one millimeter high and
have a width adjustable from 0.01 to 2 millimeters. In this study, all measurements were
taken with matching input and output slit sizes, s, in the range 0.5 to 2 millimeters. Three
different diffraction gratings are used in this energy ranged. These gratings are blazed at
two, four and eight microns. The blaze wavelength is the wavelength for which the
grating has the maximum diffracted intensity in first order operation and depends on the
angle at which the grooves are cut into the grating and the spacing of these grooves. The
spacing of the grooves , along with the width of the monochrometer slits, determines the
resolution of the monochrometer. The eight micron blaze grating has a groove density of
75/mm, which gives a resolution of (96xs)nm and the two and four micron blaze gratings
have groove densities of 150/mm, yielding a resolution of (48xs)nm, where s is the slit
size in mm. For typical measurements with 2mm slits, resolutions ranged from -0.002eV
at 0.1eV to -0.01eV at 0.37eV. For the measurements in this study, the spacing of data
points taken with the eight, four and two micron blaze grating, respectively, is eight, four
and three nanometers. Experimentation has shown that the spectra measured in this study
are so broad that changing the slit size between 0.5mm and 2mm does not affect the
resolution. Therefore, the resolution of the measurements is only limited by the intrinsic
widths of features measured.
In order to scan in wavelength, and therefore energy, there is a stepper motor
attached to the diffraction grating. This motor changes the angle of incidence of the light
hitting the grating, which changes the wavelength of the light at the output slit. In this
study, all of the gratings are operated in first order. However, since the gratings also
diffract a significant amount of light in the second order, a band pass filter is placed
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between the monochrometer and the sample. When the grating is positioned to be parallel
to the slits, it acts as a mirror reflecting a more intense beam of mixed wavelength light
which is used for alignment purposes.
The shape of the beam emitted from the monochrometer is a rectangle one
millimeter high and 0.5 to two millimeters wide. Since the glow bar is an incoherent
source, the beam diverges as it travels. To focus the beam, toroidal and elliptical mirrors
are used. The toroidal mirrors focus one-to-one, i.e. at the focus the beam is a box the
same size as it was at the output slit of the monochrometer. The elliptical mirror, on the
other hand, demagnifies the image. The toroidal mirrors are used to focus the beam onto a
filter and then onto the sample. The elliptical mirror is used to focus the transmitted light
onto the detector. These mirrors are non-trivial to focus well; Don Monroe wrote a useful
guide for focusing these mirrors3 .
When studying samples that allow measurement in both the G and n polarizations,
a barium fluoride wire grid polarizer is place directly before the cryostat. Several flat
mirrors are also used in this set-up to redirect the beam so it follows a convenient path
along the optical table.
After the cryostat, which is described in detail later in this chapter, the transmitted
light is focused onto the HgCdTe detector by an elliptical mirror. HgCdTe is a
photoconductive material. This means that its resistance increases in proportion to the
amount of infrared radiation incident on it. By placing the detector in series with a load
resistor and a voltage source, a voltage signal is generated that is proportion to the
amount of infrared radiation incident on the detector. The detector is cooled with liquid
nitrogen to improve its sensitivity.
3.2.2 Higher energy configuration (0.33eV to 3eV)
The optical configuration for measurements in the range 0.33eV to 3eV, shown in
Figure 3.3, is very similar to the one described in the previous section. The important
differences are explained below.
In this energy range, a tungsten filament lamp is used. The bulb is similar to those
used in halogen lamps. This lamp is optimally run at 27V and 2.5A. Behind the bulb, a
mirror focuses the light into a circle about two centimeters in diameter on the input slit of
the monochrometer. The mirror and bulb are housed in a steel box which screws onto the
input side of the monochrometer. Because of this, the chopper cannot be placed before
the diffraction grating, as is done when working with the glow bar. Instead, the chopper is
placed immediately before the filter.
In addition to the two micron blaze grating described in the previous section, a
one micron blaze grating is used to generate light at the highest energies. This grating has
300 groves/mm and a resolution of (24xs)nm. Typical measurements with s=0.5mm have
resolution ranging from 0.002eV at 0.4eV to 0.02eV at 1.4eV. Measurements with the
one micron blaze grating have a data point spacing of 2nm. As with the lower energy
portion of the spectra measured here, the spectra in this energy range are broad enough
that resolution is limited by the widths of the features.
For polarized measurements in this energy range, a Glan-Thomson prism
polarizer is used. This polarizer attaches onto the output side of the monochrometer. It
changes the path length of the light, so this must be compensated for by moving the flat
mirror before the cryostat back about one centimeter.
Two different photovoltaic detectors, indium arsenide and silicon, are used in this
energy range. These detectors are diodes which generate a current proportional to the
number of photons incident on them. This current is then converted to a voltage by a
current amplifier. The low energy cutoff of these detectors is set by the bandgap of its
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Figure 3.3- Optics layout for measuring in the energy range 0.33eV to 3.0eV (400nm-3700nm).
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semiconductor constituent, while its high energy cutoff is not easily defined. The indium
arsenide detector must be cooled with liquid nitrogen and the silicon detector is operated
at room temperature. These detectors have much better signal to noise ratios than the
HgCdTe detector, so they are used beginning at the lowest energy possible.
3.2.3 Temperature control
For measurements between 5K and 300K, the sample is placed in a Janis
Supervaritemp Optical Cryostat. The sample, mounted on a small piece of copper as
described in the previous chapter, is attached to a plastic chip carrier which plugs into the
end of the cryostat insert. The cryostat, diagrammed in Figure 3.4, contains reservoirs for
liquid helium and liquid nitrogen which are separated by a vacuum space. A capillary
tube connects the helium reservoir to the bottom of sample space, where there is a
vaporizer. To control the temperature in the sample space, the helium is heated to the
desired temperature by the vaporizer, and then flowed past the sample. The Lake Shore
temperature controller regulates off of the thermometer located near the vaporizer, while
the thermometer on the sample block is used for measurement purposes. To reach
temperatures between 100K and room temperature, gaseous helium is flowed through the
liquid helium reservoir. The gas is radiatively cooled by the filled liquid nitrogen
reservoir and then warmed to the desired temperature by the vaporizer. It is very
important to have a flow of gaseous helium in the sample space at all times to prevent
water vapor from entering. The water vapor coats the inner windows with ice, which
absorbs strongly in the infrared.
To conduct measurements above room temperature, an optical oven is used
instead of the cryostat. The stainless steel oven is wrapped with resistive heating tape and
helium gas is flowed through the oven as an exchange gas. The temperature is controlled
by a simple Nexus temperature controller from a thermometer taped to the inner wall of
the oven. With the oven, measurements have been made at up to 400K. When measuring
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Figure 3.5- Optical configuration for the energy range 0.1eV to 0.38eV when the optical oven is used.
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with the HgCdTe detector at these high temperatures, it is necessary to change the optical
layout somewhat so the detector is farther away from the oven. The oven generates
enough infrared radiation to overload this detector if it is placed only a few inches away,
as is usually done when working with the cryostat. This modified configuration is shown
in Figure 3.5.
3.3 Normalization of data
At the beginning of this chapter, an expression for the transmitted intensity of
light was derived:
I , = Ioe - ". (3.5)
In this expression, I1 is the intensity of light incident on the sample and Ir is the intensity
of light transmitted through the sample. In the actual measurement, however, there are a
variety of optical components and a volume of air along the beam path which all have
wavelength dependent transmissions and reflectivities. In addition, both the spectrum of
the light source and the response of the detectors are wavelength dependent. Therefore,
the quantity actually measured in this experiment is:
IT () = IL(o)T,(o)e-T 2(co). (3.6)
Where IL is the spectrum of the light source, T, is the fraction of light transmitted through
the part of the optical path before the sample, T2 is the fraction of light transmitted
through the part of the optical path after the sample, and e" is the fraction of the light
transmitted through the sample.
To determine IL(O)Tl(o)T 2(co), all measurements are repeated with the sample
pulled out of the beam path, but with the rest of the set-up kept the same. This
normalization scan is taken immediately before or after the corresponding sample scan to
insure that conditions are as close to identical as possible. For example, at 0.29eV there is
a prominent water absorption line, shown in corresponding normalization and sample
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Figure 3.6- (a) A normalization scan, 10, and its corresponding sample scan, IT, for sample 230. Notice the
strong water absorption at 0.29eV.
(b) The absorption coefficient spectrum, a(w)d = In(1o/ IT), derived from the scans in (a). Notice that
the water absorption is barely visible.
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scans in Figure 3.6a. If someone exhaled onto the cryostat window, coating it with water
vapor, between the sample scan and the normalization scan, the water absorption would
be more prominent in the normalization scan. So, when a(o) is calculated from these two
scans, the water absorption would appear, even though it is not intrinsic to the sample.
Figure 3.6b shows a(o) calculated from the two scans in Figure 3.6a. In this case, the
water absorption is normalized out of the absorption coefficient spectrum almost
perfectly.
J.P. Falck, A. Levy, M.A. Kastner and R.J. Birgeneau, Physical Review Letters 69, 1109-12 (1992).
2 J.P. Falck Ph.D. Thesis, MIT, 1993.
' D. Monroe, Ph.D. Thesis, MIT, 1984.
Chapter 4
Transmission spectrum of lightly doped La2CuO4 ,,
This chapter presents the data collected on the samples and with the experimental
configurations described in the previous two chapters. The infrared transmission
spectrum of four samples of lightly oxygen doped La2CuO 4 was measured at a variety of
temperatures between 8K and 328K. These samples differed in their growth method and
orientation as described in Table 4.1. The thickness of the samples was determined by a
mechanical measurement with precision calipers.
Sample Name Thickness (gLm) Growth Method Possible
Polarizations
224 84±5 top-seeded a'
227 107±5 top-seeded a'
228 84±5 floating-zone a, n
230 86±5 floating-zone a'
Table 4.1-Thickness, growth method and polarizations measured for each sample
studied. The growth methods are described in chapter 2.
La2CuO4 is an approximately uniaxial crystal, meaning that there is one unique
dimension, or axis. The optical properties of a uniaxial crystal are spatially described as
being parallel or perpendicular to this special axis. In this case, the unique dimension is
the c axis and the dimensions which define the copper oxygen plane are perpendicular to
a' a
k B E
Figure 4.1- Three possible polarizations for a uniaxial crystal. In this diagram, the dashed lines are parallel
to the planes and the solid lines are perpendicular to the planes.
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the c axis and are equivalent to each other. A uniaxial crystal can respond differently to
three distinct polarizations of light; they are sketched in Figure 4.1. In the a' polarization,
both the electric and magnetic fields are parallel to the copper oxygen planes, so in order
to measure in this polarization a crystal must be polished with its large faces parallel to
the planes. In the a polarization, the electric field is parallel to the planes and the
magnetic field is perpendicular to the planes and in the tc polarization the electric field is
perpendicular to the planes and the magnetic field is parallel to the planes; to measure in
these polarizations, the sample must be polished with its large faces perpendicular to the
planes. For the latter type of sample, a polarizer can be used to distinguish between the
two polarizations.
4.1 Absorption coefficient spectra
As is shown in following sections, there are significant differences in the
absorption coefficient spectra of crystals grown by the top-seeded and floating-zone
methods. These differences will help to make clear the underlying physics of this system.
The results of the measurements for the top-seeded crystals are presented first, followed
by the results of the measurements for the floating-zone crystals.
4.1.1 Top-seeded crystals- samples 224 and 227
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Figure 4.2- Absorption coefficient spectra for top-seeded sample 224 for various temperatures. These
measurements were made in the a' polarization.
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Samples 224 and 227 were grown by the top-seeded method, as described in
Chapter 2. Both of these crystals were measured in the ac' polarization. Sample 224 has a
N6el temperature of 321±2K and sample 227 has a Neel temperature of 320-2K. Using
the formula derived from Hall coefficient measurements by Chen, et al.', TN(K)=-
(20K/10' 9 cm-±3KI10' 9 cm73)p+(325K±2K), where p is the hole density, the hole
densities of these samples are (0.0002±0.0002) holes/Cu ion for sample 224 and
(0.00025-10.0002) holes/Cu ion for sample 227.
In Figures 4.2 and 4.3, the absorption coefficient spectra derived from
transmission measurements of samples 224 and 227, respectively, are plotted for several
temperatures. There are several interesting and novel features of these spectra to notice.
First, consider the mid-infrared (MIR) spectrum, which at 15K is nearly identical to that
of the undoped material (Figure 1.9) with a sharp peak near 0.4eV and two broad bands at
-0.55eV and -0.8eV. This spectrum has a strong temperature dependence in these
crystals. As can be seen from Figure 4.2, between 15K and room temperature the
absorption coefficient for sample 224 grows below -1eV resulting in a prominent peak
near -0.5eV. In contrast, previous studies of the MIR band in more heavily doped
crystals observed little or no temperature dependence in this region2,3' 4. Also notice that
the absorption coefficient below -0.75eV rises monotonically with temperature. By
contrast, the temperature dependence in the region around leV is nonmonotonic.
In Figure 4.4, the spectra for samples 224 and 227 are compared. The shape and
temperature dependence are qualitatively very similar. This indicates that the spectrum
measured is that characteristic of lightly doped crystals of La2CuO4 grown by the top-
0.5 1.0
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Figure 4.3- Absorption coefficient spectra of top-seeded sample 227 at various temperatures.
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Figure 4.4- Absorption coefficient spectra taken near room temperature and 100K for top-seeded samples
224 and 227.
seeded method. However, the absorption coefficients for sample 227 are smaller than
those of sample 224 by a factor of approximately two. This indicates that sample 227 is
actually more lightly doped than sample 224, which is consistent with the densities
calculated at the beginning of the section, within error.
Previously, spectra have been measured for undoped La2CuO4 and top-seeded and
floating-zone crystals have been found to have identical spectra. In Figure 4.5, the 15K
spectrum of sample 224 is compared to the 10K spectrum of the undoped material
reported in Reference 5. The top panel shows the absorption coefficient spectrum of each
sample between 0.1 eV and 1.4eV, and the bottom panel shows the difference between the
two. The most prominent feature of this difference is a broad peak centered at
approximately 0.8eV.
To summarize, the absorption coefficient spectra of the crystals grown by the top-
seeded method have two unique features. At the lowest temperatures measured, the MIR
spectrum has a shape and position resembling that of the undoped material. As the
temperature rises, the shape of the spectrum changes dramatically. This strong
temperature dependence has not been seen previously; the MIR band seen in more
heavily doped crystals has no significant temperature dependence.
4.1.2 Floating-zone crystals- samples 228 and 230
Samples 228 and 230 were grown by the floating-zone method, as described in
Chapter 2. Sample 228 was measured in the a and n polarizations and sample 230 was
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Figure 4.5- The top panel shows the absorption coefficient spectrum of top-seeded sample 224 at 15K and
of the undoped material at 10K. The bottom panel shows the difference between the two spectra in the top
panel.
measured in the a' polarization. Sample 228 has a N6el temperature of 320±2K, while
sample 230 has a N6el temperature of 321±2K, making sample 228 the more heavily
doped of the two. Using the formula TN(K)=-(20K/1019 cm3±3K/10'9 cm
3)xp+(325K±2K),' these N6el temperatures correspond to excess hole densities of
p=(0.00025±0.0002)holes/Cu ion and p=(0.0002±0.0002)holes/Cu ion, respectively.
Figure 4.6 displays the absorption coefficient spectra derived from transmission
measurements of sample 228. Since this sample was polished with its large face
perpendicular to the copper oxygen planes, both the c and t polarizations could be
measured. Spectra in the a polarization were measured at 295K, 100K and 10K, while the
nr polarization was measured at 295K and 100K. Notice that the crystal becomes very
opaque in the a polarization at energies below approximately 0.5eV, lessening the quality
of the data in this region. In the t polarization, the sample is very transparent for the
entire range of energies measured. Figure 4.7 displays absorption spectra derived from
transmission measurements on sample 230 over the energy range 0.1eV to 1.5eV. All
spectra were measured in the a' polarization; they were measured at a variety of
temperatures between 295K and 8K.
As can be seen from these Figures, the absorption coefficient spectrum of the
floating-zone crystals differs from that of the top-seeded crystals in several important
ways. First, the temperature dependence of the low energy (below -0.25eV) part of the
spectrum is quite different. In the top-seeded crystals, an increasing absorption coefficient
with increasing temperature is seen. In contrast, the absorption coefficient of the floating-
zone crystals decreases with increasing temperature in this energy region. This behavior
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Figure 4.6- Absorption coefficient spectrum of floating-zone sample 228. Measurements are presented in
both the a and 7 polarizations.
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Figure 4.7- Absorption coefficient spectrum of floating-zone sample 230 for various temperatures.
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of the floating-zone crystals is similar to that seen in the reflectivity studies of Falck, et
al. and will be discussed in greater detail in Chapter 5.
Another difference between the spectra of the top-seeded and floating-zone
crystals is the temperature dependence of the MIR band. In the floating-zone crystals, a
peak is seen at approximately 0.55eV which gets slightly smaller between 98K and 295K.
This is quite different from the top-seeded crystals, where the MIR band grows in
strength as the temperature is raised.
Finally, unlike the low temperature spectra of the top-seeded samples discussed at
the beginning of this chapter, the low temperature spectrum of sample 230 is quite
different from the spectrum for undoped La2CuO 4. This is illustrated in Figure 4.8. The
8K spectrum of sample 230 does not show the side bands found in the undoped spectrum
and the 15K spectrum of sample 224. Instead, the peak at approximately 0.55eV is seen
in the spectrum of sample 230 at all temperatures. Note that Perkins, et al. found that
undoped crystals grown by the two methods have essentially identical spectra.
In Figure 4.9, the absorption coefficients of samples 228 (a') and 230 (a and 7n)
are plotted together. All data was taken at 295K. The absorption coefficient in the n
polarization is small (approximately 100cm''), and nearly constant from 0.1eV to 1.2eV.
This can be confirmed visibly from the fact that the sample is translucent when held up to
a strong light. The absorption coefficients in the a and a' polarizations are approximately
six times larger than in the n polarization; in addition, they show two features in the mid-
infrared, a peak at approximately 0.13eV (see Figures 4.6 and 4.7) and the MIR band
centered at approximately 0.55eV. This shows (see Figure 4.1) that the mid-infrared
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Figure 4.8- The top panel shows the absorption coefficient spectrum of floating-zone sample 230 at 8K and
undoped La2CuO4 at 10K. The bottom panel shows the difference between the two.
90
5
"7,
"7
4I AAIA_____
I UUU
800
600
E
400
0
2O
0.0 0.5 1.0
Energy (eV)
Figure 4.9- Absorption coefficient spectra of the floating-zone samples in all three polarizations at 295K.
The ac' spectrum was measured on sample 230 and the a and 7n spectra were measured on sample 228.
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absorption is only strong when the electric field of the probe beam is polarized in the
copper oxygen planes , and indicates that these absorption processes are probably due to a
transition-electric-dipole lying in the copper oxygen plane.
It may have been expected that the a and a' spectra would be nearly identical and
that the t spectrum would be identically zero in the mid-infrared. From Figure 4.9, one
can see that this is not the case. Below -0.5eV the absorption coefficient is approximately
200cmn ' greater in the a polarization than in the a' polarization. Since the magnitude of
the 0.13eV band, identified as the photoionization of polaronic impurities in more heavily
doped crystals 2, depends on the doping level and the compensation ratio, differences in
doping between samples 230 and 228 could account for the differences between the a
polarization and the a' polarization spectra. This difference may also be due to some non-
intrinsic process that allows more light to reach the detector during the measurements in
the a polarization than in the a' polarization. From the flatness of the nt spectrum, it is
evident that sample 228 is very well polarized; misalignment would cause there to be
small amounts of absorption at energies where there are absorptions in the a polarization.
This also indicates that the featureless absorption that is seen in the nr spectrum is not due
to an intrinsic absorption. Two possible sources of this apparent absorption are aperturing
of the beam by the sample mount and reflection losses off the face of the sample.
Aperturing of the probe beam would result in a constant offset in the absorption
coefficient of ln(1-f8 p)/d, where f, is the fraction of light apertured and d is thickness of
the sample. For a 100 micron thick sample and fap of 0.1 or 0.01, there would be an offset
of the absorption coefficient of 10cm'1 or 1cm', respectively. Similarly, reflection of part
of the probe beam off of the surface of the sample would cause an offset in the absorption
coefficient of In(1-R)/d, where R is the fraction of light reflected. Typical reflectivity for
La2CuO 4 in the n polarization in the mid-infrared is 15%2, giving an offset of
approximately 20cm"'.
4.2 Difference spectra
In the previous sections, the absorption coefficient spectra of both top-seeded and
floating-zone grown crystals have been described. Both show interesting, but different,
temperature dependencies. To clarify the changes in these spectra with temperature, it is
useful to subtract a background from each spectrum in an attempt to leave only that part
caused by the change in temperature. Because the low temperature spectrum of the top-
seeded sample is so similar to that of the undoped material (see Figure 4.5), the spectrum
of the undoped material at 10OK is used as this background for all samples.
4.2.1 Top-seeded crystals
Because of the unique temperature dependence of the absorption coefficient
spectra of the top-seeded crystals, they are presented in more detail in this section with
the 10OK spectrum of the undoped material subtracted to isolate the temperature dependent
part of the spectrum. First, to show that the temperature dependence is quite different
from that seen in the undoped material, consider Figure 4.10. In the top panel, the
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Figure 4.10- Comparison of high and low temperature absorption coefficient spectra in top-seeded sample
224 and undoped La2CuO 4. The 295K spectrum for undoped La2 CuO4 is offset by 100cm'.
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spectrum of sample 224 is plotted for temperatures of 15K and 295K. In the bottom
panel, the spectrum of the undoped material is plotted for temperatures of 10OK and 295K.
The spectrum of the undoped material does not change much between 10OK and room
temperature; there is a small growth in the background and the features appear to
broaden. In contrast, the shape of the MIR spectrum changes substantially for sample
224.
In the top panel of Figure 4.11, the absorption coefficient spectrum of sample 224
is plotted for a number of temperatures. In the bottom panel, these same spectra are
replotted with the 1OK spectrum of the undoped material subtracted. Notice that the shape
of the MIR spectrum changes dramatically with increasing temperature. At low
temperatures there is a broad band centered at -0.8eV while at higher temperatures the
band is narrower and centered at -0.52eV.
4.2.2 Floating-zone crystals
As was discussed earlier in this chapter, the spectrum of the floating-zone crystals
is different from that of the top-seeded crystals in several respects. In Figure 4.12, the
absorption coefficient spectrum of sample 230 is plotted for a number of temperatures
after the 10OK spectrum of the undoped material has been subtracted. Notice that the MIR
band appears as a peak centered at approximately 0.52eV at all temperatures and the
shape does not appear to change significantly.
Also notice that the spectra have a minimum at approximately 0.35eV. Below this
energy, there is a band that decreases in strength as the temperature increases and
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Figure 4.11- The top panel shows absorption coefficient spectra of top-seeded sample 224 at a variety of
temperatures. The bottom panel shows these same spectra, but with the undoped spectrum subtracted.
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Figure 4.12- Absorption coefficient spectrum of floating-zone sample 230 at various temperatures. The
spectrum of the undoped material has been subtracted from each spectrum.
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disappears completely by room temperature. To isolate the temperature dependence of
this peak, the 295K spectrum is subtracted from those taken at other temperatures. This
subtraction brings the 8K spectrum to zero at 0.35eV, so a constant background is
subtracted from the spectrum at other temperatures to bring them to zero at this point as
well. The result of these subtractions is displayed in Figure 4.13. The temperature
dependence of this band will be discussed in greater detail in the following chapter.
4.3 Comparison of top-seeded and floating-zone crystals
In the previous sections, the differences between the spectra of crystals grown by
the top-seeded and floating-zone method have been discussed. To learn about the
underlying physics of the optical properties of these crystals, however, it is also important
to see what is common to the two. In order to do this, the temperature dependent part of
the mid-infrared absorption coefficient has been isolated by subtracting the 10K spectrum
of the undoped material from all spectra. In addition, by considering the room
temperature spectrum, the band between 0.1eV and 0.4eV in the floating-zone crystals
will not be present. Figure 4.14 displays a plot of the 328K spectrum of sample 224 and
the 295K spectrum of sample 230 with the undoped spectrum subtracted from both
spectra. These two spectra are very similar. Both have a broad MIR band centered at
approximately 0.52eV, with a tail extending to lower energies. Because of these
similarities, it is seen that these spectra reflect the intrinsic high temperature absorption of
lightly doped La2CuO4. It is postulated in Chapter 5 that this absorption is that of the free
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Figure 4.13- An expanded view of the low energy part of the absorption coefficient spectrum of floating-
zone sample 230. The 295K spectrum has been subtracted from each, in addition to a constant offset to
bring each spectrum to zero at 0.35eV.
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Figure 4.14- Comparison of the room temperature spectrum of floating-zone sample 230 and the 328K
spectra of top-seeded sample 224. The spectrum of the undoped material was subtracted from both spectra.
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holes introduced by doping, and the different temperature dependences result from
differences in the trapping of holes by defects and impurities.
Two other ways of introducing free carriers into La2CuO4 are by exciting with
light and by doping heavily enough that free carriers are present at all temperatures.
Therefore, interesting comparisons to make are between the absorption coefficient
spectrum of sample 224 and the photoinduced absorption spectrum of undoped La 2CuO 4
and the spectrum of more heavily doped La2CuO 4+y. In a photoinduced absorption
measurement, the sample is excited by laser light with an energy larger than the charge
transfer gap and probed with infrared light. The laser light introduces a small number of
free carriers into the system and the absorption they induce indicates the effect of free
carriers on the optical properties of the system. Figure 4.15 compares the temperature
induced absorption in sample 224 and the photoinduced absorption in the undoped
material5.
In Figure 4.16, the 295K spectrum of sample 224 is compared to the spectrum of
La2CuO 4+y, with y estimated to be 0.002. This spectrum is derived from reflectivity
measurements reported in reference 4 and has been scaled down by a factor of 0.06 to
ease comparison. As can be seen from these Figures, the photoinduced absorption
spectrum and the spectrum of more heavily doped La2CuO 4+y display the same major
features as the high temperature spectrum of samples 224 and 230, a broad peak centered
at approximately 0.52eV with a tail extending to lower energies. This suggests that the
three spectra have the same origin, namely free charge carriers.
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Figure 4.15- Absorption coefficient spectrum of top-seeded sample 224 at 328K and the photoinduced
absorption spectrum of undoped La2CuO4 at 10K4 .The photoinduced absorption spectrum has been scaled
up by a factor of 690. The spectrum of the undoped material has been subtracted from the 328K spectra.
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Figure 4.16- Comparison of the absorption coefficient spectra of top-seeded sample 224 and a more
heavily doped crystal of La2CuO4.,. The more heavily doped crystal was measured by Thomas, et al.3 and
scaled down for comparison with sample 224.
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4.4 Transmission spectra of as grown Nd2CuO4 and Pr2CuO4
In addition to La2CuO4, transmission measurements have been made on single
crystals of the related materials Nd2CuO4 and Pr2CuO 4. These two materials differ from
La2CuO4 in several ways. All three materials have copper oxide planes, but their out of
plane structure varies. In La2CuO4, each copper has an oxygen ion above and below it,
while in Nd2CuO4 and Pr2CuO4 the oxygen ions are displaced such that there are no
oxygen ions directly above or below the copper ions. These two compounds also differ
from La2CuO4 in that the doping induced carriers are electrons, not holes. However, since
the absorption studied here is due to carriers in the copper oxygen plane, it is useful to
compare the absorption coefficients of these three materials.
Both the Nd2CuO4 and Pr2CuO4 crystals were grown by the top-seeded method in
platinum crucibles with no intentional dopants added. They were measured as grown, i.e.
they were not annealed as described in Chapter 2. Presumably, these crystals are slightly
doped by oxygen vacancies and by platinum or other impurities in their melts. The
Nd2CuO4 crystal is approximately 100lm thick and the Pr2CuO4 is approximately 150p.m
thick. Both are oriented to allow measurements in the a' polarization.
In the top panel of Figure 4.17, the absorption coefficient spectrum of a single
crystal of Nd2CuO4 is plotted between 0.1eV and 1.1eV. The bottom panel shows these
spectra with the 15K spectrum subtracted. Because the spectrum of a completely
stoichiometric crystal of Nd2CuO4 has not been measured, the 15K spectrum has been
used as the background. This spectrum qualitatively resembles that of undoped La2CuO4,
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Figure 4.17- The top panel shows the absorption coefficient spectrum of Nd 2CuO 4 at various temperatures.
The bottom panel shows these same spectra with the 15K spectrum subtracted.
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with a narrow peak near 0.4eV and broader sidebands following between 0.5eV and
1.0eV. Notice that as the temperature rises, the whole absorption coefficient spectrum
rises considerably. However, unlike La2CuO 4 crystals discussed earlier, this high
temperature spectrum is almost featureless and the broad band at -0.52eV is not seen.
Since the MIR spectrum is due to charge carriers in the copper-oxygen planes, which are
common to both La2CuO4 and Nd2CuO4, the differences in high temperature spectra of
the two materials are probably due to the fact that the doped charge carriers are holes in
La2CuO4 and electrons in Nd2CuO4.
The top panel of Figure 4.18 shows the absorption coefficient spectrum of a single
crystal of Pr2CuO4 at various temperatures. The bottom panel shows these same spectra
with the 85K spectrum subtracted. The lowest temperature spectrum is used as the
background for the same reasons stated for the Nd2CuO4 crystal. Notice that the
absorption coefficient spectrum of this crystal also rises dramatically with increasing
temperature.
4.5 Activation energies and oscillator strengths
Now that the spectrum of the free carriers has been determined (see Figure 4.14),
the behavior of these carriers can be quantified further through calculations of the
activation energies of the temperature dependent part of the spectrum of the top-seeded
samples and of the oscillator strength contained in the MIR spectrum.
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Figure 4.18- The top panel shows the absorption coefficient spectrum of Pr2CuO4 at various temperatures.
The bottom panel shows these same spectra with the 85K spectrum subtracted.
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Figure 4.19- The top panel shows the absorption coefficient at 0.2eV and 0.52eV of sample 224 as a
function of temperature. The solid line is a fit to the activated form a() = ce-k 4 T + abg.
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In Figure 4.19, the temperature dependence of the absorption coefficient of top-
seeded sample 224 at 0.2eV and 0.52eV is plotted as a function of temperature. These
data are fit to the activated functional form, a(T)= a0oe r + abg. The best fit at 0.2eV
is found for a 0=2400cm-', Ea=(50±5)meV and abg=140cm-, while the 0.52eV data is best
fit with the parameters a 0=3100cm~ ', Ea=(505)meV and abg= 2 0 0 cm-'. The fact that the
activation energy is the same at both photon energies indicates that the entire MIR
spectrum is due to the same set of carriers. The DC conductance of a nominally undoped
crystal of La2CuO 4 has been found to be thermally activated with an activation energy of
approximately 140meV, as shown in Figure 4.20. This crystal was grown by the top-
seeded method and annealed in vacuum at 900°C for two hours. This resulted in a N6el
temperature of 322+1K. The DC conductance was determined by a four probe
measurement with evaporated silver contacts.
Since the crystals are not identical and the activation energies are probably
determined by defects or impurities, it is not unreasonable to conclude that the activation
energies of the hole density in the valence band and of the absorption coefficient are the
same.
Figure 4.21 shows a plot of the absorption coefficient ofNd2CuO4 at 0.2eV as a
function of temperature. The solid line is a fit to the thermally activated form,
a(T) = aoe - E°akT + abg , (4.1)
where the best fit is for ao=6x 104cm-1, Ea=160meV and abg=l 5cm-'. This activation
energy is higher than that seen in sample 224, which may be due to the different nature of
the impurities in this crystal. Figure 4.22 shows the temperature dependence of the
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Figure 4.20- DC conductance of a nominally undoped top-seeded crystal of La2 CuO 4 as a function of
temperature. The solid line is a fit to a thermally activated form with an activation energy of approximately
140meV.
110
0.008
-4 AA 
________
I UU
10
E
O
1
n
0.002 0.004 0.006 0.008 0.010
1/T (K')
Figure 4.21- The absorption coefficient of Nd2 CuO4 at 0.2eV as a function of temperature. The solid line is
a fit to the activated form a(T) = ae % T + ag.
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Figure 4.22- The absorption coefficient ofPr2CuO4 at 0.2eV as a function of temperature. The solid line is
a fit to the activated form a() = e- + a
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absorption coefficient of the Pr2CuO4 crystal at 0.2eV. The solid line is a fit to a thermally
activated form with ac=5x 105cm', Ea=180meV and abg=66cm-'.
In order to quantify the number carriers participating in the MIR spectrum, the
oscillator strength associated with the MIR spectrum at room temperature has been
calculated. Figure 4.23 shows the area integrated in the calculation. The effective number
of carriers due to a given amount of oscillator strength is
Neff () = 2m2 d7c(oo ) -= mc22 gdE'a(E'), (4.2)
where m* is the effective mass of the carriers. In this case, the oscillator strength is found
m
to be 400eVcm-' and s, is 56, resulting in Neff = 8 x 10-4(holes / Cu ion) for top-
seeded sample 224. The same calculation for floating-zone sample 230 yields an
m
oscillator strength of285eVcm-' and m Ne = 6 x 10-4 (holes / Cu ion). Using the
activated temperature dependence found above for the top-seeded sample 224, the
extrapolation of the oscillator strength to infinite temperature can be calculated. At
infinite temperature, equation 4.1 reduces to a(oo) = ao. Assuming that the entire
spectrum in the integration region grows with the same activation energy,
m
SNeff (T = oo) = 35 x 0-4 (holes / Cu ion). Since it has been seen that the MIRm
spectrum of the floating-zone sample 230 does not have a significant temperature
dependence, the number of effective carriers is also expected to be temperature
independent. For comparison, the number of doped holes estimated from Hall coefficient
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Figure 4.23- Background subtracted absorption coefficient spectrum of sample 224 at 295K. The boxed
area yields an oscillator strength of approximately 8x lOholes/Cu ion.
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measurements for these samples is 0.0002(holes/Cu ion). This discrepancy will be
discussed further in the next chapter.
This same calculation has been performed for the 291K spectrum of the Nd2CuO4
crystal, and the 255K spectrum of the Pr2CuO4. This results in an effective number of
carriers '* Nf = 4 x 10-4 / Cu ion for Nd2CuO4 and N e, = 3 x 10-4 / Cu ion for
Pr2CuO4.
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Chapter 5
Discussion
5.1 Model of the impurity states
In order to discuss the temperature dependence of the absorption caused by the
doped carriers, the states that these carriers occupy must be identified. It is proposed that
at low temperatures the doped carriers occupy localized impurity states within the charge
transfer gap, similar to those that arise in conventional doped semiconductors. First,
consider the band structure of undoped La2CuO4 with no impurities. The valence band is
filled and the conduction band is empty at zero temperature. From optical experiments,
the charge transfer gap has been determined to be approximately 2.0eV', so as the
temperature is increased, one would expect thermally activated conductivity of the form
c = croe - E °/kT with Ea=I.OeV.
Real crystals are never perfect, either by design, e.g. through doping, or by
accident, e.g. through chemical or structural impurities incorporated during growth. These
defects create states within the charge transfer gap in which charge carriers can be
trapped. If there are no deep states and the shallow impurities are dilute, the trapped
carriers will orbit the impurities in approximately hydrogenic orbits. As more impurities
are added, these orbits will overlap and form a band of localized impurity states. If there
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are more than one type of impurity, each with a different binding energy, there may be
several of these impurity bands within the gap. Because of the presence of these bands,
the doped charge carriers do not reside in the valence band. Instead, they first fill the
lower-energy impurity states. This is illustrated in Figure 5.1. One impurity band is
shown and it is assumed that there is only enough doping to partially fill the impurity
band. As is the case for the perfect crystal, a thermally activated conductivity is expected,
but with a smaller value of Ea.
The most direct experimental support of this model comes from measurements of
the temperature dependence of the DC conductivity and the Hall coefficient. In
measurements of top-seeded La2CuO 4+y with TN between 240K and 310K, the
conductivity is found to have an activation energy of approximately 35meV2 '3. This
energy increases somewhat with increasing TN. The conductivity of undoped La2CuO 4
also shows thermally activated behavior, but with a significantly higher activation energy.
In reference 4, a sample with TN=323K is found to have an activation energy of
approximately 100meV. Another crystal of undoped La2CuO4, measured during this
thesis research, with TN=322+1K, is found to have an activation energy of.approximately
135meV (See Figure 4.20).
From these two sets of transport data, it is seen that all of the top-seeded crystals
show a thermally activated behavior above about 100K. However, the oxygen-doped
crystals are characterized by an activation energy of approximately 35meV, while the
undoped crystals are characterized by an activation energy of approximately 100meV.
This is consistent with the impurity band picture outlined above, but with two separate
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Figure 5.1- Sketch of the density of states for a crystal with one partially filled impurity band.
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impurity bands, a shallow acceptor band, approximately 35meV above the valence band
and a deep band, approximately 100meV above the valence band. In references 2 and 3,
the shallow band is postulated to be due to the interstitial oxygen ions, since this band
only appears in crystals which have been doped with oxygen. The deep band may result
from other impurities present in the crystal. For example, there may be chemical
impurities from the starting materials used in crystal growth; there are certainly platinum
impurities present in the top-seeded crystals from the crucibles used during crystal
growth. In Figure 5.2 this energy scheme is illustrated. Two impurity bands are shown,
with the deeper band partially filled.
Next, consider the experimental support of this model from optical measurements.
Reflectivity studies of La2CuO 4+ 5 for larger y than has been discussed here show an
absorption peak at 0.13eV which decreases with increasing temperature. In reference 5,
this band has been studied in a crystal with TN=240K. The origin of this band has been
successfully modeled as the photoionization of polaronic holes bound to the shallow
impurities described above. This band has not been seen in the reflectivity of an undoped
crystal measured as part of the same study. This lends weight to the argument that the
shallow impurity band is due to the excess oxygen. In the samples 228 and 230 of the
present study, grown by the floating-zone method, this same absorption band is seen,
indicating that the shallow impurity band is present and partly filled in these crystals. The
theory outlined in reference 5 predicts an activated temperature dependence for the
0.13eV band of the form:
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Figure 5.2- Sketch of the density of states for a crystal with a shallow and a deep impurity band.
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a(T) = A 1- BTe-E /kT  l+e/kT , (5.1)
where A, B and C are temperature independent constants. The first two terms in this
expression give the carrier occupation in the acceptor band, which dominates the
temperature dependence, and the second term gives the occupation of free carriers in the
valence band, which gives rise to induced emission. Figure 5.3 shows a fit of this form to
the absorption coefficient spectrum of sample 230 at 0.2eV with Ea=0.035eV.
The MIR spectrum of the floating-zone crystals consists of both the band at
0.13eV, which has a temperature dependence as described above, and a peak at 0.5eV
with a low-energy tail. The work of Falck, et al. shows that the oscillator strength lost in
the 0.13eV band as it is thermally ionized corresponds to the gain in oscillator strength
seen in the DC conductivity with increasing temperature. This implies that the 0.13eV
peak seen at low temperature is replaced by a Drude peak at higher temperatures. The
peak at 0.5eV, however, has no temperature dependence, presumably because it is the
spectrum of a hole in the valence band and the shallow impurities correspond to valence
band holes that are orbiting around an impurity; all the holes, free and bound, contribute
to this part of the spectrum in the same way.
In samples 224 and 227, grown by the top-seeded method, this photoionization
band is not seen. Instead, the absorption that we have associated with holes in the valence
band increases with increasing temperature. This is consistent with the scenario presented
above for the floating-zone samples if the holes in the top-seeded samples occupy deep
states that are localized sufficiently or are removed enough spatially that their spectrum is
very different from that of the holes in the valence band. Only when the holes are
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Figure 5.3- Absorption coefficient of sample 230 at 0.2eV as a function of temperature. The solid line is a
fit to a thermally activated form with an activation energy of 0.035eV.
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thermally ionized from theses deep states does the valence-band-hole spectrum appear.
This thermal ionization has an activation energy of-50meV for crystal 224 (see Figure
4.19). The Nd2CuO4 and Pr2CuO4 crystals, also grown by the top-seeded method, show
activation energies of -170meV for both materials (see Figures 4.21 and 4.22). These are
significantly greater than the energy expected for the shallow impurity band, so this
temperature dependence is consistent with the thermal ionization of holes out of deeper
states.
Since the floating-zone and top-seeded samples both appear to contain
approximately the same number of doped holes because of their similar Ndel
temperatures, the differences described above probably do not result from a difference in
the level of filling of the impurity bands sketched in Figure 5.2. Instead, because of the
difference in growth methods, there is a difference in the density and energy of the
impurity states present. In the top-seeded La2CuO 4 crystals, only a 50meV activation
energy is seen in the optical data. This indicates the presence of a band of deep
impurities, probably due to impurities other than oxygen incorporated during growth.
These types of impurities would be expected to vary from crystal to crystal depending on
the exact details of the growth, consistent with the range of activation energies, 50meV to
140meV, seen in the crystals measured in this study and reference 4. Because the top-
seeded La2CuO4 samples studied here are oxygen doped, a shallow impurity band due to
the interstitial oxygen ions should also be present. However, because the level of doping
is so low, the majority of the doped holes are apparently trapped at the deep impurities at
low temperatures, as shown in Figure 5.2. In the floating-zone crystals, however, Figure
5.3 shows evidence that the holes are bound to the shallow impurities at approximately
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35meV. This indicates that there are very few deep impurities in the floating-zone
crystals. This is shown in Figure 5.1. The floating-zone method uses no crucible, so there
are no platinum impurities in these crystals, in contrast to the top-seeded crystals. This
alone may be enough to explain the differences between the crystals grown by these two
methods.
Regardless of whether the doped holes are bound to shallow or deep impurities at
low temperatures, by room temperature, almost all of the holes are thermally ionized into
the valence band. Therefore, at room temperature, the spectrum of these holes is the
same, whatever the growth method or exact details of the impurity bands. Indeed, this is
what is seen in the crystals measured here, as is shown in Figure 4.14.
5.2 Excess Oscillator Strength in the MIR spectrum
In the previous chapter, the effective number of carriers participating in the MIR
spectrum of top-seeded crystal 224 was calculated to be - Neff = 8 x 10-4 (holes / Cu ion)
at room temperature and "-- Ne = 45 x 10-4(holes / Cu ion) when extrapolated to infinite
temperature. The number of effective carriers extrapolated to infinite temperature, when
all of the holes will be ionized into the valence band, is approximately a factor of 5.5
larger than the number seen at room temperature, and greater than the number of doped
charge carriers estimated from Hall coefficient measurements,
p = (2 + 2) x 10-4 (holes / Cu ion). The effective number of carriers calculated in floating-
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zone sample 230 is Nf Nf = 6 x 10-4(holes / Cu ion), independent of temperature.
Therefore, at room temperature, the crystals grown by both methods have oscillator
strengths that are consistent with each other and are within a factor of two of the upper
value of the hole density predicted from Hall coefficient measurements.
One possible explanation for the excess oscillator strength seen in the top-seeded
crystal extrapolated to infinite temperature is that the N6el temperature, and therefore the
hole density estimated from the Hall coefficient, does not reflect the true doping density.
This could be true if only holes in the valence band affect the N6el temperature, which is
measured near room temperature. Then, the N6el temperature would not reflect the effect
of the holes still bound to deep impurities that become ionized only significantly above
room temperature.
Oscillator strength in excess of that expected from Hall coefficient measurements
can also occur if the effective hole mass, m', is less than the bare hole mass or if charge
carriers other than the doped carriers are participating in the MIR spectrum. In the rest of
this section both of these possibilities will be explored.
The effective mass of the holes in La2CuO4 has been determined from both
transport and optical measurements. In reference 6, m' was determined by fitting the real
part of the frequency dependent dielectric function to a hydrogenic model for the doped
holes bound to acceptors. This model requires that m'/m = ,h /a o x 05 A, where ch is the
dielectric constant of the host material in the absence of acceptors and a0 is the effective
Bohr radius of the acceptors. Chen, et al. find that Eh= 2 9 ±2 and a0=8±2 A, giving
m'/m=2±1.
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The effective mass can also be determined from optical measurements by
calculating the number of effective carriers participating in the charge transfer excitation.
As was described in Chapter 1, this excitation involves the transfer of a hole from a
copper d orbital to an oxygen p orbital. Since each copper ion in La2CuO 4 has one hole in
its d orbital, the effective number of carriers found by integrating the oscillator strength
contained in this excitation should be one per copper ion. In reference 7, it is found that
f Nf = 0.5(holes / Cu ion) when the conductivity spectrum of La2-xSrxCuO 4, with x
between 0 and 0.2, is integrated in energy up to 3.0eV. This also indicates that an
effective mass of 2m should be used. Therefore, from both transport and optical
measurements there is evidence that the effective mass of the carriers in La 2CuO 4 is at
least that of a bare electron.
Next, the possibility that charge carriers other than the doped holes participate in
the MIR spectrum will be explored. In the undoped material, it has been proposed8 that
the broad absorption seen between -0.5eV and 1.2eV is due to a crystal field exciton,
involving the transfer of a hole between the d2_y2 and d3 2_r orbitals. This transition is
not electric dipole allowed since it involves a transition between two states with the same
parity. However, it has been proposed that coupling to phonons and magnons may make
this exciton slightly infrared active. In the doped materials, absorptions at 1.4eV and
1.6eV have been identified as crystal field excitons involving transitions between the
dx2_y2 and dxy orbitals and between the dx_-y2 and dy,dz, orbitals, respectively 9. These
excitations were enhanced by applying electric fields to the sample with the same
symmetry as the crystal field excitation.
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It is possible that the d,_y 2 to d3• _r2 exciton proposed for the broad MIR
absorption in the undoped material may also play a role in the MIR spectrum seen in the
samples studied here. Because this excitation involves transitions of the intrinsic holes
present on the copper ions, it could account for some of the excess oscillator strength
measured. In order to estimate the amount of oscillator strength that could result from this
exciton, it is assumed that the exciton is enhanced by electric fields generated by the
doped holes. This enhancement occurs through the mixing of even parity copper d
orbitals with the neighboring odd parity oxygen p orbitals. In reference 10, the effective
number of charge carriers involved in an electric field enhanced crystal field exciton is
calculated to be on the order of:
2m* 2eEa2 (5.2)
Neff d (5.2)
where E is the perturbing electric field, a is the average radius of the exciton, Asp,d is the
energy difference between the mixed d and p orbitals, (, - 0,) is the energy of the
exciton and Nf,, is in units of the Cu ion density. Using the values a2-0.3A 2, m=2m,
Aep,d-2.0eV and (, - 6,) -0.5eV, we calculate that Nf8 x 10"3E2(holes/Cu ion). The
value for a2 is from a Hartree-Fock calculation for a d electron on a Cu+2 ion". Using the
number of effective carriers for the MIR spectrum of top-seeded sample 224 at room
temperature, an average electric field of approximately 3x 104(V/m) would be needed to
account for the oscillator strength observed. To estimate the electric field present in the
samples studied here, it is assumed that the field is that found a micron from a hole of
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charge e. This distance is chosen because it is the approximate separation of the doped
holes in the copper oxygen layer. Therefore, the electric field will be:
E = = 300( ), (5.3)
where s/so is 5 and r is 10 m. This electric field is approximately two orders of
magnitude smaller than the field need to account for all of the extra oscillator strength of
the MIR spectrum. After careful consideration, it is concluded that neither the effective
mass of the carriers nor an electric field induced crystal field absorption in the MIR can
explain the anomalously high oscillator strength seen in this study.
5.3 The shape of the MIR spectrum
The majority of the theoretical work aiming to calculate the shape of the MIR
spectrum of La2CuO4 has focused on the t-J model, which has been described in Chapter
1 12,13,14. In this model, absorption in the MIR is caused by the disruption of the
antiferromagnetic background by a doped hole. Most calculations are performed on a
finite sized lattice with either no additional holes or one hole added. Therefore, implicit in
these calculations is the fact that the holes are well separated enough that they do not
interact. This should be true for the samples studied here, since the doped holes are
separated by approximately a micron.
Figure 5.4 shows a calculation of the optical conductivity from reference 12
performed within the t-J model. This calculation was done on a 4x4 matrix with a single
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hole added, giving p=0.06/Cu ion. The value of J/t was chosen to be 0.4, so t-0.3eV since
J=0.13eV in La2CuO 4. The two most prominent features of this spectrum are the Drude
peak at zero energy and the broad absorption stretching from approximately 0.7t to 2.5t,
corresponding to an energy range of -0.2eV to 0.75eV. However, experimentally, the
onset of the broad MIR absorption is observed to occur at -0.4eV. In between, the
spectrum is predicted to decrease to zero.
In order to compare the calculated spectrum in Figure 5.4 to the spectra measured
in this thesis, the behavior of the absorption coefficient as it approaches zero frequency
must be considered. In Figure 5.5 the absorption coefficient of floating-zone sample 230
is plotted in the energy range 0.05eV to 0.2eV. The portion of the spectrum below 0.1eV
was measured with a Fourier Transform Infrared (FTIR) spectrometer. Measurements at
lower energies were not possible because of the strong phonon absorptions in this region.
It is seen, to the lowest frequencies measurable here, that the absorption coefficient
appears to remain constant at -500cm"' and not tend to zero as predicted by theoretical
calculations. However, the calculations also predict a Drude peak at DC, which in a real
measurement will not be a delta function, but a broad peak that may extend into the
infrared. Therefore, we would like to estimate the magnitude of the Drude peak in the
samples studied here and compare this to the nearly constant absorption coefficient seen
down to --0.05eV in Figure 5.6. In reference 6, the DC conductivity of La 2CuO 4+, with T,
between 230K and 310K has been measured. From these measurements, the DC
conductivity of the samples studied here is estimated to be on the order of
1~-'cm-' ý- 200cm-'. This is somewhat smaller than the absorption coefficient seen in
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Figure 5.4- Theoretical calculation of the optical conductivity within the t-J model. This calculation
assumes a single hole on a 4x4 lattice and t/J=0.4. Adapted from reference 11.
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Figure 5.5- Absorption coefficient of sample 230 in the energy range 0.05eV to 0.2eV.
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the infrared. However the difference may be attributed to the uncertainty in the value of
the DC conductivity. In addition, magnitude of this absorption might be expected to
increase with frequency from DC to frequencies above -0.05eV, since the dominant
scattering mechanism at DC in this material has been shown to be due to polaronic
carriers interacting with optical phonons.6
To summarize, the thermally activated temperature dependence of the MIR
spectrum seems to be well explained by a model of the impurity states consisting of
shallow impurities due to the excess oxygen and deep impurities due to platinum or other
contaminant present during growth. This behavior is seen not only in lightly oxygen
doped La2CuO 4, but also in the related compounds Nd2CuO4 and Pr 2CuO4. However, the
large oscillator strength and shape of the MIR spectrum still have no clear theoretical
explanation.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
In this thesis, measurements of the absorption coefficient spectrum of lightly
oxygen doped La 2CuO 4 have been presented. The samples studied here represent a new
doping regime where the doped holes are sufficiently separated that they can be regarded
as independent.
Crystals grown by two methods, top-seeded and floating-zone, have been studied
and their absorption coefficient spectra are seen to have significant differences. This
difference has not been observed in previous transmission measurements of undoped
La2CuO 4. However, the spectra of the crystals grown by either method become nearly
identical at room temperature and above, allowing the determination of the spectrum of
the free doped holes in this material. The similarity of this spectrum to that found for
more heavily doped crystals and to the photoinduced absorption of the undoped material
lends further support to this identification.
In addition to the room temperature spectrum of the free holes, the temperature
dependence of the top-seeded crystals has been seen to be unlike that of previously
measured spectra. The MIR spectrum is found to have a strong temperature dependence,
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growing with a thermal activation energy of 0.05eV. In contrast, the MIR spectrum has
been observed to have little to no temperature dependence in more heavily doped crystals.
This thermally activated temperature dependence is well described by an impurity
band model containing both shallow and deep impurities. However, the excessive
oscillator strength observed in the MIR spectrum and the shape of this spectrum remain
somewhat of a mystery.
6.2 Future work
In order to better characterize the impurity states in the lightly doped samples
studied here, it would be useful to have measurements of transport properties, such as the
DC conductivity and the Hall coefficient, performed on the same samples that are
measured optically. In particular, no transport measurements have been reported for
crystals grown by the floating-zone method. Thorough transport characterization of
crystals grown by this method could help explain further the differences seen here in the
absorption coefficient spectra.
In addition to further transport measurements, optical measurements extending to
lower energies could help confirm the limiting value of the low energy tail seen in the
MIR spectrum. However, since there are significant phonon absorptions in the energy
region below the one studied here, additional information may be difficult to gain.
Theoretically, recent work by Laughlin suggests that the charge carriers in the t-J
model are not holes, but spinons and holons. These two particles represent the decoupling
136
of the spin and charge degrees of freedom of the holes. The spinons, with a heavy mass,
have properties that scale with J and the holons, with a light mass, have properties that
scale with t.
In Chapter 5, we compared a spectrum calculated within this model to the
spectrum of a free hole in an antiferromagnetic lattice determined in this thesis. It was
found that the calculation did not capture the most prominent feature of the experimental
spectrum, the broad MIR absorption at -0.52eV. Instead, the t-J model calculations
predicted the onset of absorption at approximately 0.2eV, which is on the order of J,
indicating that the absorption is due to magnetic excitations arising from the motion of a
hole in the antiferromagnetic lattice. Since the experimental MIR spectrum is peaked at
an energy significantly higher than J, it seems unlikely that this is the cause of the MIR
absorption.
As is discussed in Chapter 1, the samples studied in this thesis closely correspond
to the regime investigated in numerical studies of the t-J model. Nevertheless, the spectra
calculated from these studies do not adequately reproduce the important features of the
experimental spectra. This leads us to the conclusion that the t-J model has assumptions
and simplifications contained within it that prevent this model from being a useful
description of the optical properties of La 2CuO 4. One major simplification of the t-J
model is that it only considers a square plane of copper ions; the oxygen ions are ignored.
Therefore, the doped holes are assumed to reside on the copper ions. However, it has
been shown experimentally that the doped carriers in this material reside on the oxygen
ions. In addition, the t-J model only considers interactions between nearest neighbor sites.
There is also experimental evidence that longer range interactions are important to the
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behavior of La2CuO4. For example, at low temperatures the DC conductivity of this
material has been modeled as variable-range hopping'.
In this thesis, the first direct experimental evidence of the MIR spectrum of a free
hole in an antiferromagnetic background has been presented. It has also been found that
this spectrum cannot be explained by theories such as the t-J model in their current form.
Therefore, we hope that the work presented here will help guide the development of an
improved theory of the High To Superconductors.
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